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H2-M Mutant Mice Are Defective in the Peptide
Loading of Class II Molecules, Antigen
Presentation, and T Cell Repertoire Selection
W. David Martin,*² Geoffrey G. Hicks,² identified. Prototypes of these are the human B-lym-
phoblastoid cell line .174 (and its derivative, T2) (RiberdySanjeev K. Mendiratta,*² Hitesh I. Leva,*²
and Cresswell, 1992; Ceman et al., 1992) and a groupH. Earl Ruley,² and Luc Van Kaer*²
of mutant cell lines derived from the human B-lym-*Howard Hughes Medical Institute
phoblastoid cell line 8.1.6 (Mellins et al., 1990; Fling et²Department of Microbiology and Immunology
al., 1994). These mutants share a number of commonVanderbilt University School of Medicine
features. First, they have profound defects in class II±Nashville, Tennessee 37232
restricted antigen presentation, but can present exoge-
nously added peptides. Second, although expressed
at wild-type levels, mature class II dimers lack certainSummary
conformational antibody epitopes that are present in
wild-type cells. Third, mutant cells fail to assemble classH2-M is a nonconventional major histocompatibility
II dimers that remain stable in the anionic detergentcomplex (MHC) class II molecule that has been impli-
SDS. SDS stability is a feature of mature peptide-loadedcated in the loading of peptides onto conventional
class II molecules. Finally, class II dimers at the surfaceclass II molecules. We generated mice with a targeted
of themutant cells are primarily associated with a nestedmutation in the H2-Ma gene, which encodes a subunit
set of peptides derived from CLIP, suggesting that classfor H2-M. Although the mutant mice express normal
II±CLIP complexes are physiological intermediates inclass II cell surface levels, these are structurally dis-
antigen processing (Riberdy et al., 1992; Sette et al.,tinct from the compact SDS-resistant complexes ex-
1992; Avva and Cresswell, 1994; Ghosh et al., 1995).pressed by wild-type cells and are predominantly
The results from these studies therefore suggest thatbound by class II±associated invariant chain peptides
the mutant cell lines are defective in the efficient removal(CLIPs). Cells from these animals are unable to present
of CLIP from class II dimers, resulting in the accumula-intact protein antigens to class II±restricted T cells
tion of class II±CLIP complexes and inefficient peptideand show reduced capacity to present exogenous
loading.peptides. Numbers of mature CD41 T lymphocytes in
The defects in these mutant cell lines were mappedmutant mice are reduced 3- to 4-fold and exhibit al-
to two MHC class II±linked genes, HLA-DMA andtered reactivities. Overall, this phenotype establishes
HLA-DMB (Fling et al., 1994; Morris et al., 1994). Trans-an important role for H2-M in regulating MHC class
fection of wild-type alleles into the mutant cell linesII function in vivo and supports the notion that self-
corrects the antigen-processing defect (Denzin et al.,
peptides contribute to the specificity of T cell positive
1994; Fling et al., 1994; Morris et al., 1994). HLA-DM
selection.
and its murine equivalent H2-M encode a class II±like
molecule (Cho et al., 1991; Kelly et al., 1991). However,
Introduction H2-M and HLA-DM (hereafter referred to as H2/DM) are
not expressed at the cell surface, but localize to the
Major histocompatibility complex (MHC) class II mole- MHC class II compartment (Denzin et al., 1994; Karlsson
cules bind peptides derived from extracellular patho- et al., 1994; Sanderson et al., 1994). Recent biochemical
gens and present them to CD41 T lymphocytes (Cress- studies have shown that HLA-DM associates with MHC
well, 1994; Germain, 1994; Wolf and Ploegh, 1995). MHC class II molecules (Sanderson et al., 1996), stimulates
class II glycoprotein assembly initiates in the endoplas- the release of CLIP from MHC class II±CLIP complexes,
mic reticulum (ER) by the association of three class II and subsequently facilitates the binding of antigenic
ab dimers with preexisting trimers of a third polypeptide peptides (Denzin and Cresswell, 1995; Sherman et al.,
termed the invariant chain (Ii). Ii is a nonpolymorphic, 1995; Sloan et al., 1995). These studies were interpreted
non-MHC-encoded protein that is critical for the proper to suggest that DM and, presumably, H2-M are peptide
assembly and transport of class II dimers. In addition, exchange factors that catalyze the replacement of CLIP,
a portion of Ii, the class II±associated Ii peptide (CLIP) and possibly some other peptides, for peptides that
region corresponding to amino acids 81±104, occupies form long-lived complexes with class II.
the peptide-binding groove of the class II molecules and In this study we describe the phenotype of mice with
interferes with binding of immunogenic peptide (Teyton a targeted mutation in the gene (H2-Ma) that encodes
et al., 1990; Roche and Cresswell, 1991; Newcomb and the a chain for mouse H2-M. The phenotype of these
Cresswell, 1993; Ghosh et al., 1995). The nonameric mice establishes a critical role for H2-M in peptide load-
class II±Ii complexes are transported from the ER ing of class II molecules in vivo and provides a novel
through the Golgi and sorted to acidic endosome/lyso- experimental model system to study the involvement of
some-like structures called MHC class II compartments self-peptides in T cell repertoire selection.
(reviewed by Schmid and Jackson, 1994). There, the
Ii is degraded and exchanged for antigenic peptides Results
(Cresswell, 1994; Germain, 1994; Wolf and Ploegh,
1995). Generation of H2-M Mutant Mice
A number of mutant cell lines with defects in class To produce H2-M mutant mice, we introduced a muta-
tion in the H2-Ma gene, which encodes the a subunitII±restricted antigen presentation to T cells have been
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Figure 1. Generation of H2-Ma Mutant Mice
(A) The H2-Ma targeting construct. A 1.5 kb fragment of the H2-Ma
gene, containing the first exon and most of the second exon, was
replaced with a neo gene. Hybridization probes used for screening
of embryonic stem (ES) cell clones and mice are indicated, together
with the expected sizes of hybridizing restriction fragments in wild-
type and mutant H2-Ma alleles.
(B) Southern blot analysis of representative ES cell clones and tail
biopsies. DNA was digested with XbaI and hybridized with the 39
probe (see [A]).
for H2-M. A 1.5 kb region of this gene, encompassing
the first and most of the second exon, was replaced
with a neomycin resistance (neo) gene (Figure 1). Mutant
animals, when raised under conventionalconditions, ap-
peared healthy. However, H2-M mutants were generally
smaller than their littermates and occasionally died with-
out evidence of severe infection.
Figure 2. Cell Surface Expression and Intracellular Transport of
Normal Cell Surface Expression, Assembly, H2-Ab Molecules
and Intracellular Transport of H2-Ab Molecules (A) Cell surface expression. Spleen lymphocytes or spleen B cells
To determine the effect of H2-M mutation on class II from wild-type or mutant mice stimulated with LPS plus IL-4 were
cell surface expression, we stained spleen lymphocytes stained with the indicated anti-H2-Ab monoclonal antibodies and
analyzed by fluorescence-activated cell sorting (FACS). The dottedor spleen B cells from mutant and wild-type mice treated
line in the M5/114 plots for LPS plus IL-4 blasts represents a controlwith lipopolysaccharide (LPS) plus interleukin-4 (IL-4)
staining with the secondary antibody only.with a panel of H2-Ab-specific monoclonal antibodies
(B) Pulse chase analysis. Spleen cells treated with LPS plus IL-4
and analyzed them by flow cytometry. As shown in Fig- were pulse labeled for 40 min with [35S]methionine/cysteine and
ure 2A, staining intensity of mutant and wild-type cells chased for the times indicated. H2-Ab molecules were immunopre-
with the monoclonal antibodies M5/114, Y-3P, AF6- cipitated with a mixture of Aab- and Abb-specific rabbit antisera.
Samples were left untreated or treated with endo H, and all samples120.1, and 25-9-17 was comparable, indicating that mu-
were boiled and analyzed on 10% SDS±polyacrylamide gels. a9 andtation of H2-M does not significantly affect overall levels
b9 indicate the positions of immature single chains, a and b indicateof MHC class II cell surface expression.
mature single chains, and Ii indicates the p31 form of Ii. The position
To confirm and further extend these findings, we com- of CLIP, which migrates below the dye front, is also indicated. Size
pared the intracellular assembly and transport of Ab mol- markers in descending order are 101, 83, 50.6, 35.5, 29.1, and
ecules in spleen B cells stimulated with LPS plus IL-4. 20.9 kDa.
The rate of intracellular transport of class II molecules
can be estimated from the conversion of immature a
and b chains to mature endoglycosidase H (endo H)± ture (indicated by a9 and b9) subunits associated with
resistant chains that have undergone N-linked glycan Ii. In addition, the kinetics by which immature chains
modifications in the medial Golgi. Figure 2B shows that are converted to mature forms (indicated by a and b) are
indistinguishable between mutant and wild-type cells.mutant and wild-type cells have similar levels of imma-
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H2-Ab Molecules at the Cell Surface Are ªFloppyº
Although class II glycoproteins reach the cell surface in
mutant mice at normal levels, this does not mean that
the structure of these heterodimers is the same as in
wild-type mice. To analyze the structure of class II mole-
cules expressed by mutant cells, we immunoprecipi-
tated class II molecules from cells that were metaboli-
cally labeled for 40 min and chased for 4 hr. Samples
were either boiled or solubilized at room temperature
for 1 hr and analyzed on SDS±polyacrylamide gels. As
shown in Figure 3A, most of the class II molecules in
wild-type cells migrate as compact heterodimers. In
sharp contrast, most class II molecules in mutant cells
migrate as floppy heterodimers. When samples were
incubated in SDS for 24 hr prior to gel loading, a signifi-
cant number of these floppy heterodimers dissociated
into single chains, whereas the compact heterodimers
from wild-type and heterozygous mutant cells remained
stable (data not shown). This indicates that the floppy
heterodimers expressed by mutant cells are relatively
unstable.
To determine whether these floppy heterodimers are
also the predominant form of Ab at the cell surface,
we immunoprecipitated surface iodinated Ab molecules
from splenic B cells treated with LPS plus IL-4. Samples
were loaded on SDS±polyacrylamide gels with or with-
out prior boiling. Figure 3B shows that the main struc-
tural form of Ab at the cell surface consists of floppy
heterodimers. Consistent with the SDS stability experi-
ments performed with class II molecules from metaboli-
cally labeled mutant cells, treatment of samples with
SDS for 24 hr induced the dissociation of a significant
number of these floppy heterodimers into single chains
(Figure 3B).
Class II Heterodimers at the Surface
of Mutant Cells Are Occupied by CLIP
The results from the SDS stability experiments demon-
strate that class II±peptide complexes expressed by
wild-type and mutant cells are structurally distinct. Fur-
thermore, they give an indication as to the nature of the
peptides associated with class II molecules expressed
by mutant cells. In Figure 3A, a band can be seen that
migrates just under the dye front in the lane containing
boiled class II immunoprecipitates from mutant but not
wild-type cell lysates. Several lines of evidence indicate
that this band corresponds to CLIP. First, a similar band
has been observed in boiled samples from human class
II heterodimers and from mouse Ab heterodimers puri-
Figure 3. Class II Molecules of Mutant Cells Are Occupied by CLIP fied from DM mutant T2 cells and was demonstrated to
(A) Stability of class II complexes in cytoplasmic cell extracts. Spleen
B cells stimulated with LPS plus IL-4 were metabolically labeled for
40 min and then chased for 4 hr. Class II molecules were immunopre-
cipitated from cell lysates using chain-specific antisera. Complexes
by SDS±PAGE. Agg indicates the position of heterodimer aggre-were boiled (B) or solubilized at room temperature for 1 hr (NB) and
gates, and P indicates the position of the peptide band. Other sym-analyzed by SDS±polyacrylamide gel electrophoresis (SDS±PAGE).
bols and size markers are as in (A).C and F indicate the positions of compact and floppy ab heterodim-
(C) Staining with the 30-2 antibody. Spleen lymphocytes or splenicers, respectively. The position of CLIP is also indicated. Molecular
mass markers are as in Figure 2B. B cells stimulated with LPS plus IL-4 were stained with the H2-Ab
(B) Stability of class II complexes expressed at the cell surface. plus CLIP-specific monoclonal antibody 30-2 and analyzed by
Extracts of 125I surface-labeled LPS plus IL-4 spleen B cell blasts FACS. Controls shown are spleen lymphocytes from wild-type mice
were immunoprecipitated with a mixture of Aab- and Abb-specific stained with the second antibody only and spleen cells from BALB/c
rabbit antisera. Complexes were solubilized at room temperature (H2d) mice treated with LPS plus IL-4 stained with the first and
for 1 hr or 24 hr, then boiled (B) or not boiled (NB), and analyzed second antibodies.
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Figure 4. Cells from Mutant Mice Are Defec-
tive in Antigen Presentation and Express Few
Empty Class II Molecules
(A) Presentation of intact proteins. Irradiated
spleen cells were cultured with antigen-spe-
cific H2-Ab-restricted T cell hybridomas (see
Experimental Procedures) and increasing
concentrations of the indicated protein an-
tigens.
(B) Presentation of exogenous peptide. Cells
were cultured with the HEL(74±88)-specific
BO4 hybridoma and increasing concentra-
tions of the HEL(74±88) peptide.
(C) Mutant cells express few empty class II
molecules. Spleen lymphocytes were cul-
tured for 5 hr in the presence of 100 mg/ml
Ea(52-68) peptide and stained with the Y-Ae
(specific for Ab plus Ea[52-68]) and Y-3P (spe-
cific for Ab plus any peptide) antibodies and
analyzed by FACS.
be CLIP (Avva and Cresswell, 1994; Denzin and Cress- by class II molecules. CLIP cannot be labeled by iodin-
ation since it does not contain tyrosine residues. Thewell, 1995). Second, since mouse CLIP contains five
methionines and few other class II±binding peptides absence of a peptide band in the samples from homozy-
gous mutant cells therefore indicates that very few ofcontain this residue, CLIP, but not the mixture of self-
peptides expressed by normal cells, is expected to be the floppy class II heterodimers on the surface of these
cells contain CLIP.detected in this assay. Third, this band is also seen in
the pulse±chase experiment with mutant cells shown in
Figure 2B, but only in the samples that were chased for Defective Antigen Presentation
The ability of mutant cells to present protein antigensseveral hours. This is consistent with the kinetics of
MHC class II transport and with the generation of CLIP to T cells was evaluated with a panel of H2-Ab-restricted
T cell hybridomas. As shown in Figure 4A, presentationfrom Ii in a post-Golgi compartment. We conclude there-
fore that this band corresponds to CLIP. of intact protein antigens to these hybridomas was com-
pletely blocked in the mutant cells. Interestingly, cellsA band of the same size with weak intensity is also
seen in unboiled samples from lysates of mutant cells from H2-M mutant mice also show strongly reduced
capacity to present exogenous peptide (Figure 4B).(Figure 3A) and becomes more apparent when samples
are incubated for longer time periods in SDS prior to gel
loading (data not shown). This increase in the intensity of Mutant Cells Express Few Empty Ab Dimers
at the Surfacethe CLIP band was accompanied by a dissociation of
floppy heterodimers into single chains. This indicates The peptide pulsing experiment described above indi-
cates that few class II molecules expressed by mutantthat Ab±CLIP complexes are relatively unstable in
SDS and migrate as floppy heterodimers in SDS± cells are available for binding with exogenous peptides.
In contrast, nonmutant cells express significant num-polyacylamide gels.
To confirm the observation that mutant cells express bers of such empty class II dimers. To compare the
prevalenceof emptyclass II molecules at the cell surfacelarge numbers of class II±CLIP complexes, we stained
spleen cells with a monoclonal antibody, 30-2, that is of mutant and wild-type cells in more detail, we pulsed
spleen cells with a peptide (Ea[52-68]) derived from thespecific for the complex between Ab and human or
mouse CLIP (Eastman et al., 1996). As shown in Figure Ea chain, and stained lymphocytes with the Y-Ae mono-
clonal antibody, which recognizes the complex between3C, mutant cells express large amounts of class II±CLIP
complexes at the surface, whereas wild-type cells ex- Ab and Ea(52-68) (Rudensky et al., 1991; Murphy et al.,
1992). Figure 4C shows that peptide-pulsed wild-typepress few of these complexes. In addition, increased
levels of class II±CLIP are expressed by heterozygous cells stain strongly with the Y-Ae antibody, whereas
peptide-pulsed mutant cells stain poorly. Staining inten-mutant cells, as compared with wild-type cells.
Additional information on the prevalence of class II± sity for the Y-3P antibody, which binds Ab regardless of
peptide content, was similar for wild-type and mutantCLIP complexes at the cell surface of mutant cells can
be obtained from analysis of the cell surface iodination cells (Figure 4C).
experiments in Figure 3B. A band migrating under the
dye front is present in the boiled samples from wild- Reduced Numbers of CD41CD82 T Cells
Class II±peptide complexes are essential for the intra-type and heterozygous mutant cells, but is absent in the
samples from homozygous mutants. This band presum- thymic differentiation of CD41CD82 T lymphocytes.
Lymphoid organs from mutant and wild-type mice wereably corresponds to the mixture of self-peptides bound
H2-M Mutant Mice
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stronger, than the alloresponse (Figure 5B; data not
shown).
Discussion
In this report we describe the initial characterization of
mice with a mutation in the H2-Ma gene, which has
been implicated in the removal of CLIP from class II
heterodimers and thesubsequent loading of class II with
antigenic peptides. Several lines of evidence indicate
that the phenotype of the mutant mice is consistent with
a defect in the loading of peptides on class II molecules.
First, class II complexes in mutant cells are predomi-
nantly in a floppy form, whereas in wild-type cells most
class II molecules form compact SDS-stable dimers.
Second, class II±CLIP complexes are readily detected
in detergent lysates from metabolically labeled mutant
cells, but not wild-type cells. In addition, as shown by
staining with the 30-2 antibody, mutant cells express
high levels of class II±CLIPcomplexes at the cell surface.
Third, in cell lysates from surface-iodinated wild-type
but not mutant cells, a band is seen that most likely
corresponds to the mixture of self-peptides bound by
class II molecules of normal cells. Finally, cells from
mutant mice are unable to present exogenous intact
protein antigens to class II±restricted T cells. We con-
clude therefore that class II molecules in mutant cells,
although expressed at levels similar to wild type, are
primarily occupied by CLIP and lack the mixture of self-
peptides associated with class II molecules from normal
cells. These findings are consistent with the proposed
function of H2/DM as a peptide exchange factor andFigure 5. T Cell Repertoire Selection
support the hypothesis that class II±CLIP is a physio-(A) T cell subsets. Thymus, spleen, and lymph node cells were
stained for CD4- and CD8-expressing cells and analyzed by FACS. logic intermediate in antigen processing.
The numbers indicate the percentage of cells in each quadrant. It was found that overall cell surface expression of Ab
(B) Reactivity of residual CD41 T lymphocytes. Spleen T cells is not significantly affected by H2-M mutation and that
(2.5 3 105) from the indicated strains of mice were cocultured with
most of the Ab dimers at the cell surface contain CLIP.irradiated spleen stimulator cells (2.5 3 105) from various strains of
This means that, in the absence of H2-M, class II±CLIPmice.
complexes appear at the cell surface at rates similar to
that of class II±peptide complexes expressed by wild-
type cells. In addition, we found that cells from heterozy-therefore compared for the prevalence of various T cell
subsets. The number of CD41CD82 T cells in spleen gous mutant animals, as compared with cells from wild-
type mice, express increased surface levels of Ab±CLIP.and lymph node were reduced 3- to 4-fold (Figure 5A).
A reduction of CD41CD82 T lymphocytes was also seen This indicates that a relatively small reduction in the level
of H2-M increases the escape of Ab±CLIP complexes toin the thymus, indicating that the reduced numbers of
peripheral CD41 T cells are caused by less efficient the cell surface and suggests that intracellular H2-M
levels are critical, and possibly limiting, for antigen pre-intrathymic positive selection.
sentation.
Recent in vitro experiments have shown that CLIP hasResidual CD41 T Cells Have
Altered Reactivities structural features that facilitate its own release from
ab dimers at endosomal pH (Kropshofer et al., 1995).To obtain information about the reactivities of residual
CD41 T cells in mutant mice, we measured proliferative The exact biochemical basis for these findings is un-
known, but available data suggest that the NH2-terminalresponses of spleen T cells from these mice against
antigen-presenting cells isolated from a variety of mice nine amino acids of CLIP may bind to an effector site,
probably close to the peptide-binding groove, thereby(Figure 5B). Spleen T cells from mutant mice generated
strong allogeneic responses, indicating that these T inducing conformational changes in the groove area that
result in the self-release of CLIP. This self-release mech-cells are functional. Surprisingly, CD41 T cells from mu-
tant mice, but not from wild-type or heterozygous mu- anism may cooperate with H2/DM to assist peptide load-
ing of class II molecules. However, the relative contribu-tant littermates, strongly reacted with nonmutant H2b
stimulator cells (isolated from strains C57BL/6, 129, H2- tion of these two mechanisms for peptide loading may
be allele specific. For example, CLIP release from humanM1/1, or H2-M1/2), but not with mutant H2b stimulator
cells. The anti-H2b response seemed as strong, if not HLA-DR3 and HLA-DR11 is strongly dependent on
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H2/DM expression, whereas this requirement is less ap- the class II molecules expressed by wild-type cells.
While these class II±peptide complexes in mutant ani-parent for HLA-DR4, H2-Ad, and H2-Ak (Avva and Cress-
well, 1994; Brooks et al., 1994; Stebbins et al., 1995). mals clearly permit the positive selection of some CD41 T
cells, they are not sufficient for the induction of negativeOur findings indicate that loss of CLIP from H2-Ab is
strongly dependent on H2-M expression. selection of T cells reactive with most class II±peptide
complexes expressed by wild-type H2b cells.An interesting finding is that mutant cells, in contrast
with normal cells, express few peptide-receptive class In conclusion, our results demonstrate that H2/DM
plays a critical role in MHC class II function in vivo.II molecules at the surface. In contrast, the class II mole-
cules expressed in the human mutant cell lines were, Further, these mutant mice should provide a useful tool
for studying various aspects of class II±restricted anti-with the exception of HLA-DR1 (Ceman et al., 1992),
found to be as effective as control cells in presenting gen processing and provide a model system with which
to determine the role of self-peptides in T cell repertoireexogenous peptides (Mellins et al., 1990; Riberdy and
Cresswell, 1992; Brooks et al., 1994; Stebbins et al., selection.
1995). Our findings indicate that in wild-type H2b cells,
Experimental ProceduresH2-M is responsible for the generation of most empty
Ab dimers. This also suggests that self-release of CLIP
Generation of H2-Ma Mutant Micefrom Ab±CLIP complexes is inefficient and strengthens
The H2-Ma gene was isolated from a strain 129/Sv phage library
our earlier conclusion that peptide loading of Ab is with a probe generated by PCR. The targeting construct was pre-
strongly dependent on the expression of H2-M. pared using a 6 kb SalI±ApaI fragment (the SalI site is in the phage
arm) from the 59 end of H2-Ma, a 4.5 kb HindIII±EcoRI fragment fromDuring their intrathymic differentiation, T cells un-
the 39 end of H2-Ma, a neo gene (obtained from Dr. M. Rudnicki), anddergo positive and negative cellular selection (von
the pBluescript plasmid (Stratagene). This construct was designedBoehmer, 1994; Nossal, 1994). Although no significant
to delete a 1.5 kb fragment from H2-Ma, encompassing the firsteffect was observed in cell surface class II MHC glyco-
exon (including the ATG start codon) and most of the second exon.
protein expression, a 3- to 4-fold reduction was seen in Strain 129/Sv-derived J-1 embryonic stem cells (obtained from Drs.
the number of CD41CD82 T cells. This can be explained E. Li and M. Xu) were transfected with NotI-linearized targeting
vector, and G418-resistant colonies were selected and isolated aswith recent studies on the role of self-peptides in T cell
described previously (Van Kaer et al., 1992). Genomic DNA fromrepertoire selection. These experiments were performed
individual clones was digested with XbaI and hybridized with a 2.5with mice deficient in the TAP peptide transporter (Ash-
kb EcoRI probe from the 39 end of H2-Ma (see Figure 1A). Recombi-ton-Rickardt et al., 1993, 1994) or mice deficient in b2-
nation was confirmed by digestion with XbaI and hybridization with
microglobulin (b2m) (Hogquist et al., 1993, 1994; Sebzda a 1.2 kb ApaI±Sau3AI probe from the 59 end of H2-Ma (see Figure
et al., 1994). It was concluded from these studies that 1A). Chimeric mice were generated as described previously (Van
Kaer et al., 1992).the type of peptide bound toclass I molecules influences
the generation of a mature repertoire of CD42CD81 T
Flow Cytometric Analysescells and that an increased complexity of the MHC-
The anti-H2-Ab monoclonal antibodies M5/114 (rat IgG2b), Y-3Pbound peptides enhances the repertoire of selected
(mouse IgG2a), AF6-120.1 (mouse IgG2a), and 25-9-17 (mouse
cells (Ashton-Rickardt and Tonegawa, 1994). The re- IgG2a) were obtained from Dr. A. Rudensky. The 30-2 antibody
duced number of CD41CD82 T cells in H2-M mutant recognizes the complex of H2-Ab with human or mouse CLIP (East-
man et al., 1996), and the Y-Ae antibody recognizes the complexmice extends some of these conclusions to the CD41
of H2-Ab plus the Ea(52-68) peptide (Rudensky et al., 1991; Murphysubset of T cells. Although we have nodirect information
et al., 1992). Both were obtained from Dr. A. Rudensky. Anti-CD4eabout the complexity of self-peptides associated with
(labeled with R-phycoerythrin [R-PE]) and anti-CD8 (labeled withAb in the thymus of mutant mice, it is likely that these
fluorescein isothiocyanate) were from PharMingen. Goat anti-mouse
consist primarily of CLIP. While it is difficult to compare IgG F(ab9)2 (labeled with R-PE) was obtained from Jackson Immu-
the contribution of class II complexes containing CLIP noResearch Laboratories.
Cell suspensions from various tissues were prepared accordingwith those containing other self-peptides to positive se-
to standard procedures. In some experiments, cells were stimulatedlection, the former appear less effective.
with 10 mg of LPS (Difco) and 30ng of recombinant IL-4 (PharMingen)It will be of interest to determine the repertoire of
per milliliter for 48 hr to increase class II expression. In the experi-specificities exhibited by the residual CD41 T cells se-
ment shown in Figure 4C, cells were cultured with the Ea(52-68)
lected in H2-M-deficient mice. Our data indicate that peptide for 5 hr at 378C before staining with antibodies. Cells were
CD41 T lymphocytes from mutant mice strongly react stained as described previously (Van Kaer et al., 1992) and analyzed
with both allogeneic and syngeneic stimulator cells, but using a FACScan flow cytometer (Becton Dickinson).
do not react with stimulator cells from mutant mice.
Pulse±Chase AnalysisFirst of all, this demonstrates that the class II±peptide
Spleen cells stimulated by LPS plus IL-4 were metabolically labeledcomplexes in the mutant mice can select a functional
with 500 mCi of [35S]methionine/cysteine mix (New England Nuclear)
T cell repertoire. Furthermore, the apparent self-reactiv- for 40 min at 378C. After addition of 1 mM cold L-methionine and
ity of these residual CD41 T cells resembles the reactivi- L-cysteine, cells were further cultured for various times. Cells were
ties observed for residual CD81 T cells in mice with a lysed in NP-40 lysis buffer (0.5% NP-40, 50 mM Tris [pH 7.5], 5 mM
MgCl2, 0.1 mM PMSF) andcleared of debrisby centrifugation. Chain-disruption in their TAP1 (Aldrich et al., 1994) or b2m (Glas
specific rabbit antisera (obtained from Dr. A.Rudensky) were added,et al., 1994) genes, which was explained by defects in
and immunoprecipitates were collected with protein A±Sepharoseintrathymic negative selection (Aldrich et al., 1994; Glas
(Pharmacia). Samples were subsequently divided in two portions.
et al., 1994). The reactivity of residual CD41 T cells in One portion was left untreated, and the other portion was digested
H2-M mutant mice most likely reflects a similar defect. for 1 hr with endo H (New England Biolabs). Samples were boiled
The class II molecules at the surface of mutant cells in SDS sample buffer and analyzed on 10% SDS±polyacrylamide
gels.display a very limited array of self-peptides relative to
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SDS Stability Assay Cho, S.G., Attaya, M., and Monaco, J.J. (1991). New class II-like
genes in the murine MHC. Nature 353, 573±576.Splenic B cells treated with LPS plus IL-4 were metabolically labeled
for 40 min at 378C, after which 1 mM cold L-methionine and Cresswell, P. (1994). Assembly, transport and function of MHC class
L-cysteine was added and the cells further cultured for 4 hr. Cells II molecules. Annu. Rev. Immunol. 12, 259±293.
were lysed in NP-40 lysis buffer, and H2-Ab molecules were immuno-
Denzin, L.K., and Cresswell, P. (1995). HLA-DM induces CLIP disso-
precipitated. Samples were solubilized in SDS sample buffer by
ciation from MHC class II ab dimers and facilitates peptide loading.
treatment for 1 or 24 hr at room temperature or by heating at 1008C
Cell 82, 155±165.
and analyzed on 10% SDS±polyacrylamide gels.
Denzin, L.K., Robbins, N.F., Carboy-Newcomb, C., and Cresswell,For analysis of surface proteins, 1 3 107 spleen B cells stimulated
P. (1994). Assembly and intracellular transport of HLA-DM and cor-with LPSplus IL-4 were labeled with 500 mCi of [125I]Na (New England
rection of the class II antigen-processing defect in T2 cells. ImmunityNuclear) using iodogen (Sigma). Cell lysates were prepared and
1, 595±606.analyzed as above.
Eastman, S., Deftos, M., DeRoos, P.C., Hsu, D.-H., Teyton, L.,
Braunstein, N.S., Hackett, C.J., and Rudensky, A. (1996). A study ofT Cell Hybridomas and Antigen Presentation Assays
invariant chain peptide CLIP:MHC class II complexes using newThe H2-Ab-restricted T cell hybridomas BO4 (hen egg lysozyme
complex-specific monoclonal antibody. Eur. J. Immunol., in press.[HEL] specific), 2A-B9 (keyhole limpet hemacyanin [KLH] specific),
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